Introduction {#s1}
============

The breeding of rice (*Oryza sativa* L.) has produced new cultivars with favorable agronomic and economic characteristics such as biotic and abiotic stress resistance, high yield, and good eating quality. The semi-dwarf cultivars, such as IR8, contributed to dramatic increases in rice production from the 1960s to the 1980s, a period referred to as the Green Revolution [@pone.0032982-Hargrove1]. Identification of the genes involved in disease and insect resistance has enabled the incorporation of biotic stress resistance into elite cultivars, and the grain yield of modern cultivars improved at a rate of about 1% per year from 1966 to 1995 [@pone.0032982-Peng1], although such high gains in yield have not been achieved more recently.

Japan has a long history of breeding of *temperate japonica* rice for growth during the summer monsoon season at higher latitudes. Initially, improved cultivars were bred from landraces. Then, based on the breeding objectives of the time, consecutive efforts were made to develop new cultivars. A rapid increase in yield from the 1950s to the 1970s in Japan was achieved by adopting modern high-yielding cultivars together with intensive culture [@pone.0032982-Horie1]. After rice production for food was improved and Japan\'s rice self-sufficiency approached 100%, the main breeding objective was changed from high yield to good eating quality [@pone.0032982-Horie1]. In particular, the copious use of Koshihikari and related cultivars with good eating quality is evident in the pedigree of modern Japanese rice cultivars [@pone.0032982-Yamamoto1].

By crossing different lines and performing successive selection, breeders have enhanced the phenotypic performance of improved cultivars in several crop species. This process has dynamically changed the chromosomal constitution of each species by selecting and compiling a range of favorable alleles. For example, in maize, 2 to 4% of all genes have been estimated to provide evidence of artificial selection based on DNA analysis [@pone.0032982-Yamasaki1]. The combination of favorable alleles of these genes throughout the genome has provided a necessary variation that can be exploited to breed new cultivars.

The pedigree information for the improved cultivars has been accurately recorded, but there is little information about the chromosomal constitution of the original landraces and the improved cultivars. Insufficient knowledge of the alterations in chromosomal constitution that have occurred during the breeding process could cause problems in rice breeding, such as increased genetic vulnerability, and could prevent breeders from finding genetic solutions to problems that endanger the rice crop and to new agricultural needs.

Clarification of the chromosomal constitution of closely related populations requires the use of genome-wide markers to distinguish among the alleles revealed by these markers and to define an accession\'s haplotype, which consists of combinations of adjacent allelic markers. Single-nucleotide polymorphisms (SNPs) are superior to other types of markers in terms of their large number in the rice genome. Therefore, SNP markers have been widely used for studies in rice, including analyses of genetic diversity [@pone.0032982-Yamamoto1], [@pone.0032982-McNally1]--[@pone.0032982-Ebana1], QTL studies [@pone.0032982-Wang1], and marker--trait associations [@pone.0032982-Huang1]. The use of next-generation sequencing technology has facilitated large-scale sequencing of multiple genomes, eventually leading to genome-wide discovery of SNPs [@pone.0032982-Huang2].

The genotypes revealed by the genome-wide SNPs have revealed a deep genetic divergence between the two main varietal groups of rice (*indica* and *japonica*) [@pone.0032982-Zhao1]. Studies using four main types of DNA markers (restriction fragment length polymorphisms, random amplified polymorphic DNA, amplified fragment length polymorphisms, and simple sequence repeats) have shown that Japanese cultivars classified as *temperate japonica* had much smaller genetic diversity than those classified as *indica* cultivars [@pone.0032982-Zhang1], [@pone.0032982-Kono1]. Based on this finding and other evidence, the Japanese rice population is believed to be genetically closed (i.e., there has been little use of foreign accessions in Japanese breeding programs), but more than thousand SNPs have nonetheless been detected and validated by means of SNP genotyping technology [@pone.0032982-Yamamoto1], [@pone.0032982-Nagasaki1], [@pone.0032982-AraiKichise1].

Previously, we detected and defined haplotype blocks consisting of allelic combinations of adjacent SNPs by comparing the genome sequences of two *temperate japonica* cultivars, Koshihikari and Nipponbare, and used the dynamics of these blocks to assess the change in chromosomal constitution during the modern breeding process [@pone.0032982-Yamamoto1]. However, the limited number of SNPs obtained from the two cultivars could not fully reveal the chromosomal constitution of other rice cultivars in the *temperate japonica* group. In the present study, we developed new SNPs and used them to analyze changes in allele frequency and haplotype diversity within a population composed of landraces and improved Japanese cultivars. The results reveal how phenotypic selection in the landraces and other breeding materials early in the breeding process has had an impact on the chromosomal constitution of modern elite rice cultivars.

Results {#s2}
=======

Structural changes of Japanese rice accessions following artificial selection {#s2a}
-----------------------------------------------------------------------------

To reveal the genetic relationships among the original landraces and the improved cultivars, we first classified the accessions into three groups based on the breeding phase: Group 1 (63 accessions) included landraces and cultivars bred before 1922; Group 2 (51 accessions) included cultivars bred from 1931 to 1974; and Group 3 (63 accessions) included cultivars bred from 1975 to 2005. Groups 1 and 2 contained both irrigated (lowland) and non-irrigated (upland) accessions. We then conducted a phylogenetic analysis of these accessions based on 3259 genome-wide SNPs ([Figures 1](#pone-0032982-g001){ref-type="fig"}, [S1](#pone.0032982.s001){ref-type="supplementary-material"}). Non-irrigated and irrigated rice accessions were predominantly classified into separate clusters. The genetic structure of the Japanese irrigated rice population was found to be an admixture based on the results from the InStruct software [@pone.0032982-Gao1]. The deviance information criterion (DIC) value decreased continuously as *K* increased from 2 to 10 and an optimal *K* value therefore could not be estimated from the DIC values alone ([Figure S2](#pone.0032982.s002){ref-type="supplementary-material"}). Instead, we identified the most probable model as *K* = 4 because the non-irrigated and irrigated subgroups of the rice population were distinguished using *K* = 4 as the simplest cluster model ([Figure 2](#pone-0032982-g002){ref-type="fig"}).

![Phylogenetic relationships among the 180 rice accessions, estimated using weighted neighbor-joining analysis of 3259 SNP alleles.\
The horizontal bar indicates distance based on the simple matching coefficient.](pone.0032982.g001){#pone-0032982-g001}

![Structure analysis of the Japanese rice population using a model with four ancestral groups.\
In the upper part of the graph, each vertical bar represents a single accession; values displayed are the estimated membership fractions in four clusters denoted by the colors yellow, green, blue, and red. Three irrigated rice subgroups, denoted as "Western", "Eastern", and "Classic", appear to be admixtures of each of the ancestral groups. The lower part of the graph indicates the breeding phase of the accessions: green, Group 1; yellow, Group 2; blue, Group 3; black, accessions categorized as "foreign" (Khau Mac Cho, Khao Nam Jen, and IR8).](pone.0032982.g002){#pone-0032982-g002}

We divided the Japanese rice accessions into four subgroups: Western, Eastern, Classic, and Non-irrigated. The Western and Eastern subgroups were given these names because almost all cultivars in these subgroups were bred in the western (or southern) and eastern (or northern) regions of Japan, respectively ([Figure 2](#pone-0032982-g002){ref-type="fig"}). The Classic and Non-irrigated subgroups were given these names because the oldest accessions (Group 1) and the non-irrigated rice cultivars, respectively, were the dominant accessions in these subgroups. The Classic subgroup also includes most of the cultivars bred in the northernmost part of Japan (Hokkaido Island). More than half of the accessions belonging to the three irrigated subgroups consisted of two or more admixed ancestors (i.e., within each of these accessions, the frequency of alleles from a single ancestor was \<0.8). These admixtures accounted for 53% of the Western subgroup, 43% of the Eastern subgroup, and 42% of the Classic subgroup.

We then assessed the relationship between the four ancestral subgroups and the three breeding phase groups. We calculated the mean proportions of each of the four ancestral components (Western, Eastern, Classic, and Non-irrigated) for irrigated members of each of the three breeding phase groups and for the non-irrigated accessions. The irrigated rice groups and the non-irrigated rice group had significantly different main ancestral components ([Table 1](#pone-0032982-t001){ref-type="table"}). Group 1, which contains the oldest cultivars, had the highest values for the Classic and Western components and the lowest for the Eastern component ([Table 1](#pone-0032982-t001){ref-type="table"}, *P*\<0.05). Group 2, which contains cultivars that are more modern than those in Group 1, had a high value for the Western component, but its lowest value was for the Non-irrigated component, in marked contrast to Group 1. Group 3, which contains the most recent cultivars, had the highest value for the Eastern component. The mean proportion of the Eastern component increased during the breeding process (from Group 1 to Group 3). Conversely, the mean proportion of the Classic component gradually decreased during the breeding process. We analyzed the change in the chromosomal constitutions during the breeding process only for the irrigated rice cultivars because of the difference in population structure between the irrigated and non-irrigated cultivars.

10.1371/journal.pone.0032982.t001

###### Results of the Mann--Whitney test for the mean value of the four ancestral components (Western, Eastern, Classic, and Non-irrigated) between the three irrigated rice breeding groups (1 to 3) and the non-irrigated rice group with reference to the population structure.

![](pone.0032982.t001){#pone-0032982-t001-1}

                   Group 1       Group 2                                         Group 3       Non-irrigated                                                   
  --------------- --------- --- --------- ------------------------------------- --------- --- --------------- --- ------- --- ------- ---- ------- --- ------- ---
  Western           0.279    ±    0.055    ab[2)](#nt102){ref-type="table-fn"}    0.489    ±       0.052       a   0.280   ±   0.042   ab   0.078   ±   0.034   c
  Eastern           0.029    ±    0.010                     c                     0.240    ±       0.044       b   0.543   ±   0.049   a    0.011   ±   0.006   d
  Classic           0.510    ±    0.062                     a                     0.258    ±       0.048       b   0.161   ±   0.041   b    0.139   ±   0.052   b
  Non-irrigated     0.181    ±    0.049                     b                     0.014    ±       0.003       c   0.015   ±   0.006   c    0.772   ±   0.074   a

Standard error.

Values in a row labeled with different letters differ significantly (*P*\<0.05, Mann--Whitney test with Bonferroni\'s correction).

The constitution of founder landraces was analyzed for 41, 50, and 63 irrigated rice cultivars in groups 1, 2, and 3, respectively ([Figure 3](#pone-0032982-g003){ref-type="fig"}). The frequencies of the 11 most common ancestral landraces of Japanese rice showed that these ancestries changed dramatically between groups 1 and 2 but did not change much between groups 2 and 3. In Group 1, total proportion of the 11 ancestors was less than 50% but in both Group 2 and Group 3, it accounted for 70% or more.

![Frequencies of the 11 most common ancestral landraces in 41, 50, and 63 accessions of irrigated rice cultivars in groups 1, 2, and 3, respectively.\
The number of ancestral cultivars was estimated based on the pedigree data in the database of Japanese rice cultivars (<http://ineweb.narcc.affrc.go.jp/>). The bar "Total" indicates the total proportion for the 11 previous bars for each of the three groups and the values for the total proportion are shown above each of three bars.](pone.0032982.g003){#pone-0032982-g003}

Change in linkage disequilibrium and haplotype blocks {#s2b}
-----------------------------------------------------

We calculated the change in linkage disequilibrium (LD) by calculating the number of adjacent SNP pairs that showed complete LD (0\<Δ^2^\<1) in each breeding phase group, excluding the non-irrigated accessions ([Figure 4](#pone-0032982-g004){ref-type="fig"}). The mean LD within 50-kb intervals showed that Group 1 had a lower LD than groups 2 and 3.

![Relationships between complete linkage disequilibrium (LD, where 0\<Δ^2^\< 1) and the distance between adjacent SNP pairs.\
The mean of the adjacent SNP pairs for LD was calculated within each 50-kb interval.](pone.0032982.g004){#pone-0032982-g004}

We considered that the number of polymorphisms in the haplotype blocks defined by the combination of five adjacent SNP alleles might be a good representation of the genetic diversity of rice. We were able to define 3211 haplotype blocks from the 3259 SNP combinations because we found no five-SNP blocks at the end of the long arm of any of the 12 chromosomes. [Figure 5](#pone-0032982-g005){ref-type="fig"} shows the comparative distributions of the diversity index in corresponding haplotype blocks (i.e., blocks at the same position) between pairs of the three breeding phase groups. Roughly two-thirds of the haplotype blocks had higher diversity indices for Group 1 than for Group 2, and the difference was significant (*P*\<0.05). Thus, the diversity of haplotypes decreased between these two phases of the breeding process. Moreover, the haplotype diversity decreased significantly from Group 2 to Group 3 (*P*\<0.05), although the magnitude of the decrease was lower.

![Relationships between the haplotype diversity indices for the three breeding phase groups.\
The diversity index for each of the 3211 haplotype blocks was calculated as \[number of polymorphisms in haplotype blocks defined by a SNP allele combination in consecutive five-SNP windows (*N* = 3211)\]/\[number of landraces or cultivars in each group\]. The total numbers of haplotype blocks that had higher diversity in one group than in the other are shown in the corners of the graphs. Three blocks showed the same values for diversity index. Significance was calculated using the Mann--Whitney test based on comparisons of diversity index values between the two groups.](pone.0032982.g005){#pone-0032982-g005}

Association between the positions of QTLs or genes with phenotypic effects and the haplotype block diversity {#s2c}
------------------------------------------------------------------------------------------------------------

Owing to the nature of artificial selection, individuals with specific haplotype blocks associated with favorable phenotypes might have been preferentially selected for breeding, causing a change in the frequency of the haplotype blocks in the rice population. Modern improved cultivars in Japan have been selected to have both high yield and good eating quality. Therefore, it is likely that specific haplotype blocks with extremely reduced diversity might be associated with such traits. To examine this possibility, we extracted the chromosomal positions of haplotype blocks that contained less than half the number of polymorphisms in groups 2 and 3 than in Group 1. To clarify the association between haplotype blocks and QTLs or genes, we used QTL and gene information from the Q-TARO database [@pone.0032982-Yonemaru1], data from our previous review [@pone.0032982-Yamamoto2], and data from other published studies [@pone.0032982-Feng1]--[@pone.0032982-Zhu1].

Among the 3211 haplotype blocks, the diversity of 40 genomic regions corresponding to 136 haplotype blocks in groups 2 and 3 was less than half of that in Group 1 ([Figure 6](#pone-0032982-g006){ref-type="fig"}, [Table S3](#pone.0032982.s005){ref-type="supplementary-material"}). [Figure 6](#pone-0032982-g006){ref-type="fig"} shows the regions in which chromosome diversity was reduced in groups 2 and 3 relative to Group 1. These 40 regions were located on all chromosomes except chromosome 4, and ranged widely in length (from 62 to 2958 kb). The largest of these 40 regions was located on chromosome 11 between positions 11.6 and 14.6 Mb (relative to Nipponbare Pseudomolecules Build 4.0 [@pone.0032982-International1]), and was co-localized with the centromeric region (12.2 to 14.2 Mb) on the same chromosome. Each of the 40 regions comprised two or more haplotype blocks, with a maximum of nine. The total number of QTLs co-localized within these 40 regions was 454 when redundant information was included ([Table S3](#pone.0032982.s005){ref-type="supplementary-material"}). There were no obvious correlations between the number of QTLs and the length of the corresponding regions: for example, no QTL was detected near the 29-Mb position on chromosome 11, but 40 or more QTLs were observed near both the 37- and 40-Mb positions on chromosome 1.

![Distribution of haplotype blocks for which groups 2 and 3 had less than half the number of polymorphisms in Group 1.\
Non-irrigated accessions were excluded from this analysis. Red squares show haplotype blocks that were co-localized with the *Rd*, *sd1*, and *Hd1* loci. Detailed information is provided in [Table S3](#pone.0032982.s005){ref-type="supplementary-material"}.](pone.0032982.g006){#pone-0032982-g006}

To clarify the relationship between haplotype blocks within these regions and phenotypes, we listed rice genes that are known to affect phenotypes or functions and that were genetically proven in other studies to be co-localized with these regions. We found 20 genes [@pone.0032982-Feng1]--[@pone.0032982-Zhu1] in these regions ([Table S3](#pone.0032982.s005){ref-type="supplementary-material"}), including three characterized genes that are responsible for natural variation in phenotype and other genes identified by means of transgenic or mutant analysis. The regions that were co-localized with the genes responsible for natural variation were associated with relatively large numbers of QTLs: for example, the dwarfing gene *sd1*, which was located within a 617-kb region consisting of five haplotype blocks, was co-localized with 42 QTLs, the largest number that we observed. The heading date gene *Hd1* was co-localized with 32 QTLs.

Generation of new SNPs, and detection of new haplotype polymorphisms in modern rice cultivars {#s2d}
---------------------------------------------------------------------------------------------

We detected 46 new SNPs in groups 2 and 3. These SNPs were monomorphic in Group 1, but polymorphic in groups 2 and 3. The mean frequency of these SNPs in Group 2 was 0.085 ([Figure 7](#pone-0032982-g007){ref-type="fig"}, [Table S4](#pone.0032982.s006){ref-type="supplementary-material"}). In Group 3, the mean frequency of these SNPs increased to 0.189. The number of new polymorphisms within the 3211 haplotype blocks gradually increased as cultivars underwent modern breeding during the 75 years from 1931 to 2005 ([Figure 8](#pone-0032982-g008){ref-type="fig"}). Linear regression analysis showed a significant association between the year of registration of an accession and the number of new haplotype polymorphisms (*P*\<0.01, *R* ^2^ = 0.36). The slope of the regression line indicated that an average of about three new polymorphisms had been generated each year over the 75-year period.

![Comparison of allele frequency for the 46 new polymorphic SNPs detected in groups 2 and 3 but not in Group 1.\
Non-irrigated accessions were excluded from this analysis. Values are means ± standard errors. Detailed information is provided in [Table S4](#pone.0032982.s006){ref-type="supplementary-material"}.](pone.0032982.g007){#pone-0032982-g007}

![Relationship between the number of new polymorphisms in the haplotype blocks and the year of registration of the cultivars (1931 to 2005).\
Non-irrigated accessions were excluded from this analysis. The linear model *y* = *a*+*bx*+ε showed a highly significant regression (\*\*; *P*\<0.01).](pone.0032982.g008){#pone-0032982-g008}

Discussion {#s3}
==========

Pedigree data and LD decay revealed a strong population structure in the Japanese rice population at the beginning of modern breeding {#s3a}
-------------------------------------------------------------------------------------------------------------------------------------

The discovery of a large number of genome-wide SNPs using next-generation sequencing technology has helped researchers to genetically characterize the rice genome at extremely high resolution [@pone.0032982-Yamamoto1], [@pone.0032982-McNally1], [@pone.0032982-Zhao1]. We believe that the diversity of haplotypes in whole genomic regions can be represented by allelic information derived from these high-density SNPs. To define the haplotype polymorphisms with high accuracy, the length of the haplotype blocks should be smaller than the length of the LD blocks, and several measurements of LD have been reported for rice [@pone.0032982-Huang1], [@pone.0032982-Mather1]--[@pone.0032982-Jin1]. The LD decay in *japonica* is generally larger than that in *indica*: \>500 kb for *japonica* versus 75 to 150 kb for *indica* [@pone.0032982-Mather1], and ∼167 kb for *japonica* vs. ∼123 kb for *indica* [@pone.0032982-Huang1].

In this study, the LD in Group 1 at SNP intervals of 2 Mb or less was less than that in the improved cultivars in groups 2 and 3, and differed only slightly between groups 2 and 3 ([Figure 4](#pone-0032982-g004){ref-type="fig"}). This suggests that a strong population structure developed in the population of cultivars that have undergone modern selection breeding. In particular, the founder effect arising from the limited number of parental cultivars used during the early stages of rice breeding in Japan might have caused a loss of genetic variation.

The Japanese irrigated rice population is descended from a subset of the *temperate japonica* population of other Asian countries centuries before the start of our study period. Moreover, during the long modern history (i.e., since ca. 1910) of Japanese rice breeding, no cultivars introduced from abroad were directly used as breeding materials ([Table S1](#pone.0032982.s003){ref-type="supplementary-material"}). A pedigree diagram for a leading Japanese variety, Koshihikari, also showed that no foreign cultivars were directly used as founders [@pone.0032982-Nagasaki1]. Even when cultivars with useful properties such as blast resistance were introduced and used as donors for Japanese rice cultivars, repeated backcrosses with Japanese rice cultivars have been carried out to maintain favorable phenotypes such as eating quality. The available evidence therefore suggests that few genome segments were derived from foreign cultivars and that their influence was negligible. We believe that the low degree of genetic variation in the Japanese rice population that resulted from founder effects has not been greatly affected by introgression of genes from foreign accessions. Our pedigree analysis to compare groups 2 and 3 with Group 1 also supports our belief that most modern Japanese rice cultivars were mainly derived from crosses among a limited number of ancestral Japanese landraces ([Figure 3](#pone-0032982-g003){ref-type="fig"}). Moreover, the diversity of the haplotype blocks has decreased since the start of the breeding process ([Figure 5](#pone-0032982-g005){ref-type="fig"}).

Our results indicate that specific landraces dominated by Western genotypes, with a few Non-irrigated and Classic types, were selected for breeding of the Group 2 cultivars. Our observation of a higher frequency of haplotype blocks from the Eastern type in Group 3 than in the other groups indicates that Koshihikari and related cultivars were the main parental cultivars for this group. At present, Koshihikari is still the leading cultivar in Japan, even though it was registered about 50 years ago; in addition, its progeny---Hitomebore, Hinohikari, and Akitakomachi---are ranked 2nd, 3rd, and 4th, respectively, in the area of cultivation in Japan [@pone.0032982-Yamamoto1].

Evidence of haplotype selection {#s3b}
-------------------------------

Haplotype blocks with less than half the diversity in groups 2 and 3 than in Group 1 were detected within 40 chromosomal regions ([Figure 6](#pone-0032982-g006){ref-type="fig"}, [Table S3](#pone.0032982.s005){ref-type="supplementary-material"}). Reduced diversity suggests that haplotype selection has occurred in these specific regions as a result of artificial selection during rice breeding. We consider it likely that this haplotype selection was associated with the selection of particular traits of interest, such as grain yield, heading date, and eating quality.

Among the 40 regions in the present study, 3 were co-localized with "QTL cluster regions". QTL clusters were defined as regions with 15 or more QTLs per 2-Mb interval. Such QTL clusters were found in two regions (4 to 6 Mb and 38 to 44 Mb) on chromosome 1, in one region (0 to 2 Mb) on chromosome 3, in one region (2 to 8 Mb) on chromosome 6, in one region (32 to 34 Mb) on chromosome 4, and in one region (20 to 22 Mb) on chromosome 9 in our previous study [@pone.0032982-Yonemaru1]. Three of these six QTL clusters were associated with regions of diminished diversity, suggesting that phenotypic selection could affect the diversity of specific haplotype blocks.

Twenty characterized genes were co-localized in the haplotype blocks that showed less diversity as a result of breeding selection ([Table S3](#pone.0032982.s005){ref-type="supplementary-material"}); however, only three of these are known to be responsible for natural variation. The *Rd* gene, located at position 27.0 Mb on chromosome 1, is involved in proanthocyanidin synthesis [@pone.0032982-Furukawa1]. The complementary effect of *Rd* on the *Rc* gene, which encodes a basic helix-loop-helix protein, has also been demonstrated, and a homozygote with two dominant alleles for *Rd* and *Rc* has a red pericarp. In contrast, the pericarps of the *rdRc*, *Rdrc*, and *rdrc* genotypes are brown, white, and white, respectively. Group 1 includes some red rice cultivars, but groups 2 and 3 do not. Therefore, in the case of the *Rd* region, it is possible that population stratification rather than a genetic bottleneck caused by breeding selection has affected the level of diversity in the haplotype blocks. This indicates that population stratification is responsible for the decreased diversity in the *Rd* region. That is, selection for white rice may have resulted in reduced diversity in this region in groups 2 and 3.

The diversity of haplotype blocks that were co-localized with the *sd1* [@pone.0032982-Sasaki1] locus also decreased during the breeding process. The mutation encoded by the *sd1* gene induces the shortening of plant height (i.e., semi-dwarf phenotype) by depressing gibberellin biosynthesis [@pone.0032982-Sasaki1]. Other studies have suggested that the *sd1* allele associated with a weak dwarf phenotype has been selected and used in *japonica* cultivars, whereas the allele associated with a strong dwarf phenotype has been used in *indica* cultivars [@pone.0032982-Ashikari1], [@pone.0032982-Asano1]. A recent study supports this proposition [@pone.0032982-Asano2]: it showed that the allele for shorter culm length was selected and used by ancient Japanese farmers and that more selection for this allele would therefore not be expected. Other QTLs or genes tightly linked with the *sd1* locus in the same haplotype blocks might also have been selected, and the number of polymorphisms within them might have decreased. For example, *OsPdk1* [@pone.0032982-Matsui1] and other unidentified genes in this region associated with a phenotype and specific allele might have been selected.

Co-localization between a low-haplotype-diversity region and a particular gene responsible for natural variation was also found in the case of the *Hd1* gene [@pone.0032982-Yano1] at position 9.3 Mb on chromosome 6. *Hd1* plays a major role in photo-sensitivity and has multiple functional and non-functional alleles [@pone.0032982-Takahashi1]; it interacts with other QTLs and genes (e.g., *Hd2*, *Hd3a*, *Hd5*, and *Hd6*) to control heading date [@pone.0032982-Lin1]--[@pone.0032982-Yamamoto3]. Recently, DNA sequence information relating to natural variation of heading date has been clarified in both genic [@pone.0032982-Ebana2] and adjacent [@pone.0032982-Fujino1] regions of *Hd1*, but there is insufficient information about the relationships between variation of alleles and gene function except in the case of small deletions of genic regions. The reduction of haplotype diversity near *Hd1* is likely to be caused by phenotypic selection in the direction of early or late heading, depending on the location where the breeding took place.

Many regions with low haplotype diversity were not associated with QTLs or genes. This finding may be explained by the existence of undiscovered genes affecting important traits in Japanese cultivars. Alternatively, haplotype frequency might have been accidentally skewed for unknown reasons. For example, the genetic bottleneck associated with the small number of ancestors used to breed modern cultivars might have led to the presence of random regions with very low diversity due to a strong genetic drift effect. We detected a decrease of haplotype diversity from Group 2 to Group 3, but the genomic positions encompassing the genes related to eating quality and other traits could not be determined (data not shown). The decrease of haplotype diversity may have resulted simply from repeatedly using specific cultivars such as Koshihikari and its relatives. This hypothesis is supported by the higher Eastern component in Group 3 ([Figure 2](#pone-0032982-g002){ref-type="fig"}) than in Group 2 and by the pedigrees of modern rice cultivars [@pone.0032982-Yamamoto1].

Further analysis will be required to determine whether there is an association between a reduction of haplotype diversity in specific regions and the selection of a particular target trait during the breeding process.

New polymorphisms observed in haplotype blocks {#s3c}
----------------------------------------------

In general, artificial selection results in new combinations of traits of interest. Therefore, we speculated that new polymorphisms of haplotype blocks must have been generated by the modern breeding process. Although our results indicate that the diversity of haplotypes decreased gradually during the modern breeding period ([Figure 5](#pone-0032982-g005){ref-type="fig"}), new polymorphisms have been generated during the modern breeding process ([Figure 8](#pone-0032982-g008){ref-type="fig"}). Considering that it takes about 10 years to develop and release a new cultivar, and given our estimation of 3 new polymorphisms per year ([Figure 8](#pone-0032982-g008){ref-type="fig"}), we estimate that about 30 new polymorphisms were generated per cultivar. The generation of new polymorphisms can be attributed to three processes: the appearance of new SNPs, the recombination of existing haplotype blocks, and a combination of these two processes. The frequency of the 46 new SNPs that were present in groups 2 or 3 but not Group 1 increased from Group 2 to Group 3 ([Figure 7](#pone-0032982-g007){ref-type="fig"}). It is possible that the haplotypes containing these SNPs will be useful for breeding. It would be interesting to perform detailed analysis of the association between such chromosomal regions and traits of interest. Performing haplotype definition of current and old cultivars that are potential parental lines for breeding will contribute to the design of parental combinations and enable selection for superior combinations of haplotype blocks.

Materials and Methods {#s4}
=====================

Plant Materials {#s4a}
---------------

We used a collection of 177 accessions, including landraces and improved cultivars, plus 3 foreign cultivars (IR8, Khao Mac Kho, and Khau Nam Jen) in this study ([Table S1](#pone.0032982.s003){ref-type="supplementary-material"}). A total of 149 landraces and improved cultivars were selected from our previous study [@pone.0032982-Yamamoto1]. We included an additional 28 accessions comprising non-irrigated (upland) and irrigated (lowland) landraces that had been analyzed previously in a study of Japanese rice diversity [@pone.0032982-Nagasaki1]. To assess the change in genomic constitution within and between the various breeding phases in Japanese history, we classified the 177 accessions into three groups: Group 1, landraces and cultivars developed before 1922 (63 accessions); Group 2, cultivars developed from 1931 to 1974 (51 accessions); and Group 3, cultivars developed from 1975 to 2005 (63 accessions). This classification was based on the categories used in a previous study [@pone.0032982-Yamamoto4]. Non-irrigated rice accessions accounted for 22 of the 63 accessions in Group 1 and 1 of the 51 accessions in Group 2. Group 3 included no non-irrigated accessions.

Selection of SNPs for genotyping {#s4b}
--------------------------------

We allocated 2688 genome-wide SNPs derived from a comparison between Koshihikari and Nipponbare [@pone.0032982-Yamamoto1] to three 768-plex sets and one 384-plex SNP set for analysis using the GoldenGate BeadArray technology platform (Illumina Inc., San Diego, CA, USA). In addition, we selected two 768-plex SNPs sets derived from a comparison between the reference cultivar Nipponbare and Rikuu132 or Eiko, respectively, to cover chromosomal regions in which few SNPs have been detected between Koshihikari and Nipponbare [@pone.0032982-Nagasaki1].

The total set of 4224 SNPs was verified as true SNPs by genotyping of the 180 accessions. For the SNP verification, we obtained DNA extracts from a piece of leaf blade of one individual of each accession, and used 5-µL aliquots of 50 ng/µL total DNA for analysis using the Bead Station 500G system (Illumina). All experimental procedures for the SNP typing followed the manufacturer\'s instructions.

For each accession, heterozygous alleles were treated as giving no signal. We adopted the following criteria for the classification of a SNP as non-informative: (1) no information on its genome position (International Rice Genome Sequencing Project Pseudomolecules Build 4; [@pone.0032982-International1]), (2) heterozygous alleles or no signals detected in more than 50% of the accessions, and (3) an allele frequency of ≤2% (to minimize the risk of genotyping error). Based on these criteria, we selected a total of 3259 informative SNPs derived from Koshihikari (2093 SNPs), Eiko (493 SNPs), and Rikuu132 (673 SNPs) and used them for analysis of the genomic constitution of the Japanese rice population ([Table S2](#pone.0032982.s004){ref-type="supplementary-material"}, [Figure S1](#pone.0032982.s001){ref-type="supplementary-material"}).

Phylogenetic and structural analysis {#s4c}
------------------------------------

A phylogenetic tree for the 180 rice accessions was drawn based on the genotypes defined using the 3259 SNPs using the weighted neighbor-joining method with simple matching coefficients implemented in the DARwin software ([@pone.0032982-Perrier1]; <http://darwin.cirad.fr/darwin>). The population structure of the Japanese rice population was analyzed using the InStruct software ([@pone.0032982-Gao1]; <http://cbsuapps.tc.cornell.edu/InStruct.aspx>) with the admixture model; InStruct offers the advantage of not requiring Hardy-Weinberg equilibrium in the population being studied. The run-length parameters used in InStruct were 100 000 burn-in iterations, and 200 000 replications per chain after the burn-in period using the Markov-chain Monte Carlo method. We used simulations with *K* values ranging from 2 to 10, with five replications, to calculate the DIC value. The optimal *K* value can be chosen based on the minimum DIC that provides a distinct population structure. On this basis, we chose *K* = 4 (four ancestral groups) for the Japanese rice population. To assess the relationship between these four ancestral subgroups and the four cultivar groups (the three irrigated rice accession groups in groups 1, 2, and 3 and the non-irrigated rice group in groups 1 and 2), we calculated the mean proportions of each of the four ancestral components and statistically analyzed the results using the Mann--Whitney test with Bonferroni\'s correction for each of the four cultivar groups.

Pedigree analysis {#s4d}
-----------------

To demonstrate the number of ancestors used in modern Japanese rice cultivars, we analyzed the pedigrees of 41, 50, and 63 cultivars in Group 1, Group 2, and Group 3, respectively, based on the pedigree data in the database of Japanese rice cultivars (<http://ineweb.narcc.affrc.go.jp/>). All ancestors of each cultivar were counted except for the recurrent parent, and we used this data to calculate the frequencies of the 11 most common ancestral landraces.

Estimation of the degree of linkage disequilibrium {#s4e}
--------------------------------------------------

To compare the linkage disequilibrium (LD) among the domestic irrigated members of the three groups defined based on the three breeding phases, we estimated LD as the pairwise Δ^2^ between neighboring SNPs within a distance of 2000 kb. The numbers of irrigated accessions were 41 in Group 1, 50 in Group 2, and 63 in Group 3. The definition of Δ^2^ was equivalent to that of ρ^2^ [@pone.0032982-Devlin1] and was calculated using the formula described by Hill and Weir [@pone.0032982-Hill1]. For each of the three groups, the mean complete LD (0\<Δ^2^\<1) was also calculated for each 50-kb range of intervals between adjacent SNPs (from 0 to 2000 kb).

Haplotype analysis {#s4f}
------------------

Among the 12 rice chromosomes, we defined 3211 haplotype blocks based on consecutive alleles in five-SNP windows. The mean window size in the rice genome is estimated to be about 583 kb; that is, it equals (380 Mb/3259 SNPs)×5 SNPs. The diversity index for each of the 3211 haplotype blocks was calculated as \[number of polymorphisms in haplotype blocks defined by SNP allele combinations in consecutive five-SNP windows (*N* = 3211)\]/\[number of landraces or cultivars in each group\]. Diversity index values were compared between corresponding haplotype blocks located at the same position in each breeding group. We compared the diversity index values between groups using the Mann--Whitney test. We analyzed the association between the year of registration of an accession and the number of new haplotype polymorphisms by means of linear regression. All statistical analysis was performed using ver. 2.11.1 of the R software [@pone.0032982-R1].

Supporting Information {#s5}
======================

###### 

**Chromosomal distribution of SNPs used in our analysis of the genome structure of the Japanese rice population.** Vertical rectangles represent chromosomes 1 to 12 (from left to right) and colored horizontal bars indicate the locations of SNPs. Red arrowheads indicate the position of the centromere in each chromosome.

(PPT)

###### 

Click here for additional data file.

###### 

**Plot of the DIC value obtained using the InStruct software as a function of the** ***K*** **value.** Each point represents the average value for all accessions for a given *K* value. Five trials were carried out, with a burn-in cycle of 100 000 iterations followed by a further 200 000 iterations.

(PPT)

###### 

Click here for additional data file.

###### 

**List of the cultivars used in the analysis.**

(XLS)

###### 

Click here for additional data file.

###### 

**List of the 3259 SNPs used for the haplotype definition.**

(XLS)

###### 

Click here for additional data file.

###### 

**The chromosomal positions of haplotype blocks for which groups 2 and 3 had less than half of the number of polymorphisms in Group 1.**

(XLS)

###### 

Click here for additional data file.

###### 

**The 46 new polymorphic SNPs with alleles that were not detected in the Group 1 population.**

(XLS)

###### 

Click here for additional data file.
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